A fundamental question in evolutionary biology is understanding why some groups of organisms are highly diverse. Species diversity is the result of the balance between speciation and extinction whereas morphological disparity is primarily a consequence of adaptation. Radioresitance, among other adaptive features found in organisms, can be genetically determined and inherited. This study explores the possible consequences that naturally-occurring radiation might impose on the variance and composition of population genetics. To evaluate these possibilities, a simple statistical experiment is conducted involving 49 cytochrome gene sequences belonging to two distinct populations of eukaryotic organisms that reside on opposite ends of the radioresistance spectrum. The results show a distinct correlation between higher and lower degrees of genetic variance among these two groups, where the order, group or population that has shown increased hypersensitivity to radiation also has an increased rate of molecular evolution due to a higher mutation rate.
Introduction
While the effects of radiation on the cell biology of individual organisms have been widely investigated, there has been a dearth of publications involving the role of naturally-occurring radiation in the evolutionary development of living populations. For one, the sun emits short-wave UV radiation that ionizes at about 120 nm to 10 nm (Hori et al., 2014) , and it can disrupt the normal chemical processes of cells, causing them to become damaged, to grow abnormally or to die. Moreover, radiation can create mutations in DNA that could be inherited over successive generations (Adewoye et al., 2015; Verhofstad et al., 2008; Barber et al., 2002; Tatebe et al., 2017; Linschooten et al., 2013; National Research Council, 2006) . Two nucleotide bases in DNA-cytosine and thymine-are most vulnerable to the effects of radiation (Pray, 2008) . For low levels of radiation exposure (or non-ionizing radiation), the biological effects are so small they are thought to cause little or no damage to cells (Upton et al., 1992) .
Over the course of Earth's history, changes to the atmosphere must have played a key role in the conditions under which life formed and evolved (Cnossen et al., 2007) . It is estimated that contemporary organisms would be killed in a matter of seconds if exposed to the full intensity of solar radiation from a primitive Earth (Madronich et al., 1998; Zepp et al., 2007; Hessen, 2008; Samson, 1977) . Today, of course, living organisms are protected by an atmospheric ozone layer that effectively absorbs light at short wavelengths (Samson, 1977) . Despite the presence of a modern atmosphere, various known groups of eukaryotic life forms, mostly those belonging to the invertebrate phylum, can tolerate considerable levels of acute ionizing radiation (Fuller et al., 2015; Adam-Guillermin et al., 2018) . Other phyla, primarily mammals, are much more hypersensitive in that respect (Douglass & Jeffery, 2014) . The range of radioresistance in eukaryotic organisms is considerable and, in some cases, quantifiable. This stark contrast might lead us to propose the following inquiry: What role, if any, does naturally-occurring radiation (atmospheric, background or terrestrial) play in shaping the outcome of living systems over the extent of evolutionary time? For purposes of this investigation, two distinct orders of eukaryotic organisms that reside on opposite ends of the radioresistance spectrum are examined: scorpions and rodents.
Scorpions are largely resistant to the effects of atmospheric radiation. For instance, their exoskeleton makes it effective at reflecting UV radiation (Husemann et al., 2012) ; better shielding its organs from radiation damage and, subsequently, protecting its cells from genetic mutation. Scorpiones occur in a vast array of different environments that put it in proximity to the most severe extremes of atmospheric radiation on Earth (Gaffin & Barker, 2014) . A small number of Scorpiones species have even been documented to resist doses of radiation as high as 154,000 roentgens (D'Suze, 1990; Armas, 2001 ). What's more intriguing in this discussion, scorpion morphology has changed relatively little since their first appearance in the fossil record (Pryke, 2016) .
Unlike scorpions, rodents are moderate to highly susceptible to the effects of naturally-occurring radiation. Ongoing experimentation has shown that rodents have a median lethal dose (LD 50 ) of 7.5 against ionizing radiation exposure (Srinivas et al., 2015) , whereas other mammalians range between 3.5 and 12 (Srinivas et al., 2015) . During the Eocene, rodents evolved and diversified into a wide range of subfamilies that make up about 40% of all mammalian species and they too occur on almost every continent (Churakov et al., 2010) . Not only is their proliferation extensive but also the rates of DNA evolution vary significantly among lineages, which has hindered attempts to reconstruct a robust phylogeny (Churakov et al., 2010) . Most importantly, several studies have largely shown that an increased rate of molecular evolution in rodents is found to be entirely the consequence of a higher mutation rate as compared to other species, families, and genera (Weinreich, 2001; Schlager et al., 1971; Uchimura et al., 2015; Drake et al., 1998; Lindsay et al., 2016) .
Genetic mutation is the raw material needed for evolution to occur. Natural selection acts upon genetic variation to create the diversity around us. Whether by direct exposure to or by indirect selective pressures from, this study explores the possible consequences that naturally-occurring radiation might impose on the variance and composition of population genetics. Furthermore, it is proposed that naturally-occurring radiation may be implicated in creating genetic variance among different populations of living organisms over extended evolutionary time. To evaluate strength of this hypothesis, a simple statistical experiment is conducted involving 49 cytochrome gene sequences examined in phylogenetic context, pairwise dissimilarity ratios, and molecular clock estimates.
Material and Methods

Sequence Selection
To begin this experiment, 31 cytochrome b sequences were selected representing a small portion of rodent species that occur or originate within hemispherical proximity; whereas the 18 scorpion cytochrome COI sequences are more geographically widespread and diverse, as to include both hemispheres and six continents. (Note 1) The two most commonly used genetic loci in species identification are the cytochrome oxidase I gene (COI) and the cytochrome b gene (Tobe et al., 2010) . In terms of phylogenetic analysis, the application of cytochrome sequences is often selected for reasons involving sequence variability and the availability of related sequences from publicly curated databases (Tobe et al., 2010) . Both cytochrome gene types utilized in this investigation are also practical due to their highly detectable rates of mutation. This makes it a good candidate for pairwise comparisons and phylogenetic reconstruction among closely related species.
Each raw sequence was obtained from the NCBI nucleotide databank. BLAST similarity searches were conducted to obtain homologous sequence candidates among closely related groups. (Note 2) FASTA format was preferable in this context, as it improves the ability to use a wider range of scoring matrices and facilities merging annotations into alignments (Pearson, 2013) . Lastly, two distinct FASTA files containing a total of 49 raw sequences were compiled and later used toward sequence alignment and phylogenetic analysis.
Sequence Alignment & Phylogenetic Reconstruction
As it corresponds to the following procedures, Kalign was utilized for multiple sequence alignment (MSA) and pairwise comparisons; while PHYLIP neighbor-joining method, a distance matrix algorithm, was employed toward phylogenetic reconstruction. (Note 2) An accurate and fast MSA algorithm, Kalign is a dependable algorithmic selection for purposes of obtaining highly-robust alignments (Lassmann & Sonnhammer, 2005) . Kalign is an extension of Wu-Manber approximate pattern-matching algorithm, based on Levenshtein distances. This strategy enables Kalign to estimate sequence distances faster and more accurately than other popular iterative methods. Lassmann and Sonnhammer (2005) show that Kalign is about 10 times faster than ClustalW and, depending on the alignment size, up to 50 times faster than other iterative methods; Kalign also delivers better overall resolution (Lassmann & Sonnhammer, 2005) .
PHYLIP neighbor-joining method can be used to generate highly probable diagrams amid scenarios involving low degrees of variance, regardless of alignment size. Selected for these tree-building exercises, PHYLIP neighbor-joining is an accurate and statically consistent polynomial-time algorithm that does not assume that all lineages evolve at the same rate, and it constructs a tree by successive clustering of lineages, setting branch lengths as the lineages join [where a set of n taxa requires n-3 iterations; each step is repeated by (n-1) x (n-1)] (Felsenstein, 1981; Purvis, 1995) . This method incorporated a set of default parameters for distance matrix model F84. Additional bootstrapping compilers were applied to a ratio of 70%-75% for better overall resolution. For reference purposes, the following formula demonstrates a standard neighbor-joining Q-matrix algorithm:
Pair to node (distances):
Taxa to node (distances):
Results
Pairwise Dissimilarity Ratios
After each sequence alignment was consolidated, a series of pairwise dissimilarity datasets were calculated using the total length of each cytochrome sequence between any two organisms and divided by the length of the total genomes of the organism in row. The total ratios are then used as a basis for the intensity of genomic discrepancy (or variance) among organisms of the same order. Specifically, for each measurement taken, percentages of pairwise dissimilarity were computed, a broader median within homologous sequences determined, and those figures were then compared against each respective group, lineage or order. Results obtained from each dataset are shown in Table 1 and Table 2 . Of the global measurements taken, the order Rodentia contained the highest total dissimilarity ratio, falling within the range of 9% to 25%; and a median score of 84%. Meanwhile, order Scorpiones ranged between 1% and 9% with a median score of 98%. Measurements of Rodentia also show far wider concentrations of diffused similarity nearest the middle of a bell curve and disperses in opposite directions relative to the mean. Rodentia as a group produced more total variance and those results are visually represented on a dot plot distribution shown on Figure 
Implications of Evolutionary Trees
Phylogenetic comparative methods account for evolutionary history and explicitly model trait change along the branches of evolutionary trees (Dunn et al., 2018) . The value of these methods relative to pairwise comparisons has been repeatedly shown in analysis of distance estimations between all possible pairs of sequences in a given dataset. Ultimately, the goal of improving distance estimation is to increase the accuracy of the reconstructed tree topology (Ninio et al., 2007) . It then follows that each node estimate on the branch of a tree can represent a degree of confidence about the accuracy of any clade distribution within a given tree. In terms of reliability, bootstrapping is a common method for assessing confidence in the results of phylogenetic analysis. As other sources have noted, bootstrap proportions of ≥70% usually correspond to a probability of ≥95% that the corresponding clade is accurate (Yang, 2006; Hillis & Bull, 1993) ; and thus, the probability of inferring an accurate clade distribution increase.
The results are simulated under a null hypothesis model. The cladograms (or trees) derived from the original datasets do not show an excess of larger contrasts for duplication events, nor does it reject the null hypothesis. As shown on Figure 4 and Figure 5 , the hierarchical placement of each clade, from outgroup within, are consistent with biogeographical distribution of contemporary species relative to each genus and each order (Jenkins, 2011; Monadjem et al., 2015; Lourenco, 2001) . Moreover, the results agree with recent molecular studies that yielded significant evidence in support of Rodentia phylogeny (Blanga-Kanfi et al., 2009), with genus Apodemus and genus Mus appearing in the first branches on opposite ends of the outgroup; whilst genus Rattus and genus Heterocephalus are located among the intergroup clades (Figure 4 ). Studies done on Scorpiones phylogeny are more variable in terms of their agreement on clade placements (Sharma et al., 2018; Prendini & Wheeler, 2005 
Molecular Clock Estimates
The branch length estimates on Figure 5 suggest deep rooted ancestry whereas Figure 4 illustrates several short length clusters that could represent a series of rapid diversification events. This interpretation is based on the units of substitutions per site corresponding to each node on the diagram marked by their descending branch lengths in each lineage. Measures of lineage divergence are not a priori design to be best estimates of time, however, they are often good proxy for time and often interpreted as being measurements of time (Takezaki et al., 1995) . To transform these lengths into a time scale, further information is required.
To start, rather than using a relaxed clock model that describes how each branch length l=r x t can be decomposed into a rate r and a time t (Lartillot et al., 2016) , evolutionary time scales were postulated by utilizing the distances between neutral substitutions. The neutral substitution rate is often the best estimate we have of an underlying mutation rate (Lanfear et al., 2014) . And, deciphering the average mutation rate in any given species should provide further opportunities for estimating species and population divergence times (Kumar & Subramanian, 2002) .
Several studies have established the average mammalian genome mutation rate at ±2.2 × 10−9 per base pair per year (Kumar & Subramanian, 2002; Hodgkinson et al., 2011; Ellegren et al., 2003) . Others have examined the null hypotheses of neutral mutation rates among Arachnida lineages and have come to some conflicting conclusions (Allio et al., 2017) . The most commonly accepted mutation rate found in Scorpiones is 0.39 ± 0.94 per site × 109 years (Gantenbein & Eightley, 2004) . By combining these external estimates to the results obtained from multiple sequence alignment, phylogenetic analysis, and pairwise comparisons, where Rodentia attained several clusters of short-length divergent times and higher rates of neutral substitutions, there is good support for the original inquiry. Patterns of diversification are more frequent among Rodentia lineages compared to the Scorpiones order (see Figure 4 & Figure 5 ). 
Discussions
A fundamental question in evolutionary biology is understanding why some groups of organisms are highly diverse. Species diversity is the result of the balance between speciation and extinction whereas morphological disparity is primarily a consequence of adaptation (Fabre et al., 2012 ). At the most fundamental level, mutations are essential to evolution. Every genetic feature in every organism was, initially, the result of a mutation (Carlin, 2011) . All mutations that affect the fitness of future generations are agents of evolution (Carlin, 2011) . Radioresitance, among other adaptive features found in organisms, can be genetically determined and inherited (Nöthel, 1987; Cordeiro et al., 1973; Ling & Endlich, 1989; Joiner, 1994) .
Radioresistance is surprisingly high in many organisms. For example, the study of environment, animals and plants around the Chernobyl accident area has revealed an unexpected survival of many species, despite the high radiation levels (Deryabina et al., 2015) . A Brazilian study in a hill in the state of Minas Gerais which has high natural radiation levels from uranium deposits, has also shown many radioresistant insects, worms and plants (Cordeiro et al., 2973) . These rare examples give us a glimpse into radioresistance at a localized generational scale but say nothing about the possible influx of selective pressures that it imposes over long stretches of geological time.
We know organisms that are susceptible to radiation are often more inclined to its effects; such effects include those that cause permanent alterations of nucleotide sequences of the genome (or a genetic mutation, simply speaking). To this end, organisms that better resist the effects of radiation also have a relative fitness advantage to its damaging effects and it too may have an impact at the population level. Selective traits are inherited. Let's take another look at Scorpiones, for instance.
The scorpion's carboline-composed exoskeleton is thick and durable, providing good protection from a range of environmental threats (see Images 1-4). Carboline chemicals are found in many animal cells, not just scorpions, and are thought to be sunscreens that protect epidermal cells by reflecting or scattering UV radiation (Husemann et al., 2012) . Research suggests that oxygen levels were much lower when the first ancestral scorpion lineages appeared during the Silurian period; a time when more UV radiation was able to reach the Earth's surface (Hsia et al., 2013) . This might explain the evolution of carboline in the exoskeletons of modern day Scorpiones. In addition to its carboline-composed exoskeleton, other studies have demonstrated that internal antioxidant chemistry may be responsible for shielding its cells from radiation damage (Levin-Zaidman et al., 2003) . What's more, scorpion morphology has changed relatively little since their first appearance in the fossil record (Pryke, 2016) .
Images 1-4. Digital microscopic images of Scorpiones carboline exoskeleton at 30X. Species shown: Vol. 11, No. 1; Longwave UV light is reflected as visible light in the green range. For this reason, scorpions appear to glow in darkness. Under direct sunlight, the fluorescence may impart a greenish tint to the scorpion's color (Smithsonian Institution, 2018) . Studies have shown this feature to derive from certain molecules in one layer of the cuticle, the tough but somewhat flexible part of a scorpion's exoskeleton, which absorbs the longer wavelengths of UV light and emit it in different wavelengths that are visible at night as a blue-green glow (Ray, 2017 ).
Heterometrus spinifer
An experiment led by Kloock et al. (2010) found that the fluorescence seemed to help scorpions detect and avoid UV light (Ray, 2017) . The activity level of the test subjects in this study was measured by the number of transitions from the exposed to shadowed regions, and choice was measured by the percentage of time spent in the shadowed portion of the arena under IR-UV (Kloock et al., 2010) . Kloock et al. interpreted their observations as evidence that fluorescence aids in the detection of and response to UV light. Now, back to the topic of DNA. The evidence from cell science is further compelling. Consider the following: Aside from errors in cellular replication and oxidative damage (Crow, 2000) , germline mutations can also occur due to exogenous factors that include chemical substances and ionizing radiation Cai et al., 1995) . One well-documented study describes how single exposure or multiple exposures to a low dose radiation induced a significant cytogenetic adaptive response in mouse germ cells (Cai et al., 1995) . As noted above, Scorpiones are unique in that they combine traits for UV light avoidance along with a UV reflective exoskeleton and an internal metabolism fit for shielding radiation damage to cells. The hypersensitivity of the rodent anatomy, as with other members of the mammalian phylum, predisposes it to more of the DNA-damaging effects of naturally-occurring radiation.
Biogeography is another considerable element to this study worth mentioning. One of the objectives was to demonstrate a quantifiable degree of genetic variance between two distinct groups of organisms in conjunction with, or despite of, their geographical distribution. Furthermore, it might be expected that higher degrees of variance would be present among groups of closely related organisms that occur across wider ranges in a geographical context; and the reciprocal scenario could be assumed in like manner.
Both rodents and scorpions overlap in terms of their natural environments, exposing each form to nearly equal amounts of atmospheric radiation brought on from UV light. Surprisingly, despite a much lower ratio of total pairwise dissimilarity, members of group Scorpiones also happen to be more biogeographically extant. Moreover, it has also been shown that it's counterparts, namely those members belonging to order Rodentia, have an increased rate of molecular evolution due to a higher mutation rate. Rodentia is the most diverse order of placental mammals, with extant rodent species representing about half of all placental diversity (Blanga-Kanfi et al., 2009 ).
Thus, the question now becomes whether localized radiation events contribute to an increased rate of molecular evolution in organisms that lack radioresistance. And if so, what can we infer about the opposite case scenario? Studies like these pose several unique challenges. First, the data sampling used in this study is both incomplete and relatively small to draw any significant inferences about an entire phylum of species. And, in fact, much of this interpretation could be explained in the historical context of things like genetic drift, retrovirus insertions, or even the vacancies left by open ecological niches; just to name a few examples. While many of these mechanisms do play invaluable roles in species diversification, this study solely ventures to assess any possible association that may exist between naturally-occurring radiation and its implications on population genetics among groups of organisms that reside on far ends of the radioresistance spectrum.
To what extent to which population genetics becomes affected by natural-occurring radiation will require further investigation. Similar studies in laboratory settings have focused on microorganisms but rarely has it included multi-cellular eukaryotes. Indeed, an argument could even be raised about the timescale limitations involved with testing multi-cellular eukaryotes, coupled with the rarity of inheritable mutation, which would make such an experiment impractical in a controlled environment. Yet, there may be a reliable framework by which to detect, assess, and quantify radiation-induced evolution over successive generations. Before this paper concludes, let's elaborate further on a potential experiment design.
Imagine for moment, a more ideal experiment involving three homologous sets of fast-breeding model organisms that have adjusted their sexual reproductive patterns to satisfy remarkably short life cycles. Over the course of this experiment, each group is exposed to different levels UV radiation (perhaps ranging between 180 and 400 nm); except for the control group, which remains unexposed. Such an experiment could incorporate test subjects like Drosophila melanogaster or Acheta domestica, as they are known to be good candidates for studying a wide array of biological processes. After careful match-breeding over different generations, gene sequencing is applied to each line of offspring within the same test group or population. Complete sequences of ijb.ccsenet.org
International Journal of Biology Vol. 11, No. 1; mitochondrial DNA could be a useful biomarker in this experiment, due to its tendency toward rapid mutation rates. Techniques in comparative sequence analysis can then reveal even the slightest biological change over a multitude of successive generations. In some ways and on a more simplified scale, this paper tries to recreate this hypothetical experiment without the medium of laboratory testing and procedures and only by means of design and publicly available genomic data.
Conclusion
Every cell in every organism is intimately connected to the environment surrounding it. Radiation occurs all around us and, depending on the amounts of energy associated with it, can cause significant biological effects observable down to a cellular scale and possibly manifested up to the population level. Over the course of Earth's history, changes to the atmosphere must have played a key role in the conditions under which life formed and evolved (Cnossen et al., 2007) . Events in the history of life do very unlikely represent a pure coincidence, but the extent to which they can be linked to the establishment of a modern atmosphere and the fluctuating levels of radiation that came thereafter is not entirely settled (Hessen, 2008) .
While it is difficult to quantify the role of naturally-occurring radiation in shaping the outcome of living systems over the course of extended evolutionary time, the results do show a distinct correlation between higher and lower degrees of genetic variance among two different groups of organisms that reside on opposite ends of the radioresistance spectrum; where the order, group or population that has shown increased hypersensitivity to radiation also has an increased rate of molecular evolution due to a higher mutation rate. With that said, the reader should be reminded that correlation does not necessarily indicate a causation. Whether or not naturally-occurring radiation is directly or indirectly implicated in creating genetic variance within populations of living organisms is subject to a follow up systematic investigation.
